developing nervous system (reviewed by Lee, 1997) . Mash1 and members of the neurogenin (ngn) family of atonal-related genes, which includes ngn1 (Math4C), ngn2 (Math4A), and ngn3 (Math4B), are expressed in undifferentiated and dividing neural progenitor cells,
Figure 1. Sequential Expression of Neural-Specific bHLH Genes during Development of Distal Cranial Ganglia
(A-C) Hybridization with an ngn2 cRNA probe on E9.0 (A), E9.5 (B), and E10.0 (C) embryos showing the sequential onset and termination of ngn2 expression in the geniculate ("VII"), petrosal ("IX"), and nodose ("X") epibranchial placodes. A lower and more transient expression of ngn2 is seen in the trigeminal ("V") placode at E9.5 (B). (D-H) Transverse serial sections through the region of the petrosal placode of an E9.5 (24-28 somites) embryo hybridized with cRNA probes to ngn2 (D), ngn1 (E), Math3 (F), NeuroD (G), and Nscl1 (H). ngn2 is expressed in placodal cells ("pl") and in neural precursors ("n" and arrowhead) immediately after delamination but not in precursors that aggregate to form the distal ganglion ("dg"). ngn1 is expressed at low levels in the placode as well as in migrating and ganglionic precursors, whereas Math3, NeuroD, and Nscl1 are only expressed following delamination from the placodes, in this order. Abbreviations: "dg," distal ganglion; "n," migrating neural precursors; "ov," otic vesicle; "pl," placode. Scale bar, 100 m.
of the neural plate, thereby demonstrating that ngn2 has Results the ability to specify a neuronal fate in ectodermal cells (Blader et al., 1997 ; P. Blader, G. G., F. G., and U. Strä hle, Expression of bHLH Regulators in Cranial unpublished data). In the present study, we have used Sensory Neuron Precursors a loss-of-function approach to better define ngn2 funcPreviously, we and others have reported that the three tion in the mouse, focusing our analyses on the simple epibranchial placodes, which give rise to the geniculate sensory neuronal lineages derived from the epibranchial (VIIth), petrosal (IXth), and nodose (Xth) distal ganglia, placodes. Our analysis of the ngn2 mutant phenotype are major sites of ngn2 expression (Gradwohl et al., shows that the development of distal ganglia is blocked 1996; Sommer et al., 1996) . To further our understanding at the early step of delamination of precursors from the of how neurogenesis is regulated in cranial distal ganglia placodes, that a cascade of bHLH differentiation genes and to define at which stage ngn2 may function in these fails to be activated, and that neuronal differentiation is lineages, we examined the expression of ngn2 in more detail and analyzed the expression of other neural bHLH not initiated in the mutant precursors. In addition, the lack of expression of the Notch ligand Dll1 in mutant factors in these lineages. The epibranchial placodes are transient ectodermal placodes suggests that ngn2 is required to activate lateral inhibition, further supporting a proneural-type activthickenings present in the mouse embryo between approximately embryonic day 8.5 (E8.5) and E10.5 of develity for ngn2 during epibranchial placode neurogenesis. In contrast, placodal expression of the homeodomain opment. During this period, neuronal precursors delaminate from the placodes, migrate dorsomedially, and protein Phox2a, a regulator of the noradrenergic neurotransmitter phenotype , is unaffected aggregate to form the distal ganglionic anlagen. In the epibranchial placodes, we first detected ngn2 tranin ngn2 mutant embryos, suggesting that some aspects of cranial sensory neuron identity may be specified indescripts in the geniculate placode ("VII" in Figures 1A-1C ) in 11-13 somite embryos, followed by expression in the pendently from neuronal fate in these lineages. Fragments used to generate 5Ј and 3Ј external probes are indicated at the bottom of the figure. (B) Southern blot analysis of NotI/SpeI digested genomic DNA from an ngn2 heterozygous (first lane) and two wild-type mice (second and third lanes) using 5Ј and 3Ј external probes that recognize a common 20 kb wildtype band and 7.5 kb and 10.5 kb mutant bands, respectively. (C) An E9.0 ngn2 mutant embryo displaying neural tube closure defects and exencephaly at the level of the midbrain. petrosal placode ("IX") at the 18-20 somite stage and differing from ngn2 expression, which is not maintained in the ganglionic anlagen ( Figure 1D ). Math3 and NeuroD in the nodose placode ("X") at the 20-24 somite stage (Figures 1A-1C ; data not shown). In transverse sections are, in contrast, expressed in migrating precursors and in ganglionic cells but not in the placodes themselves of E9.5 embryos, ngn2 transcripts were observed in placodal cells and migrating neuronal precursors but not in (Figures 1F and 1G) . The patterns of these two genes differ, however, in that Math3 expression is initiated in cells that had aggregated in ganglionic primordia ( Figure  1D ), whereas an antibody against 155 kDa neurofilament cells located directly beneath the placode, corresponding to precursors that have just delaminated, whereas (NF-M) was not expressed in placodal cells at this stage (data not shown). Therefore, ngn2 expression in distal migrating precursors initiate NeuroD expression farther away from the placode and nearer to the ganglionic ganglionic lineages clearly precedes overt neuronal differentiation. Expression of ngn2 disappeared from the anlage. Finally, Nscl1 transcripts were detected only in ganglionic cells, and not in placodal or migrating cells geniculate placode around E10.25 and from the petrosal and nodose placodes around E10.75 ( Figure 1C ; data ( Figure 1H ). Altogether, these results indicate that the same repertoire of bHLH regulators is expressed in the not shown). ngn2 transcripts were also detected transiently in the developing trigeminal placode or ganglion three epibranchial placode-derived neuronal lineages, in the following temporal sequence: ngn2/ngn1 Ͼ Math3 Ͼ of E9.5 embryos ("V" in Figure 1B ) but not in the otic vesicle or in proximal, neural crest-derived VIIth, IXth, NeuroD Ͼ Nscl1, and they suggest that Math3, NeuroD, and Nscl1 may be activated downstream of ngn2 in a or Xth ganglionic precursors at any stage.
Expression of the neural-specific bHLH genes ngn1, differentiation cascade. Math3, NeuroD, and Nscl1 (see Experimental Procedures for references) was also detected in the devel-
Generation of a Null Mutation in ngn2
To study the developmental role of ngn2, a null mutation oping geniculate, petrosal, and nodose ganglia of E9.5 embryos ( Figures 1D-1H and 5A-5D), suggesting the was generated by homologous recombination in embryonic stem (ES) cells, deleting the complete protein codpossibility that bHLH factors are expressed in a sequential manner in these lineages, as previously shown in ing sequence located in the second exon of the gene (Figures 2A and 2B ; see Experimental Procedures). An other neuronal lineages Cau et al., 1997) . To test this hypothesis, we took advantage of the spatial ES cell line carrying the ngn2 null mutant allele was injected into C57BL/6J blastocysts to generate chimesegregation of neuronal precursors at different developmental stages during cranial sensory neurogenesis. Durras, and germline transmission of the mutation was obtained. Heterozygous animals were apparently normal ing the development of the geniculate ganglion, ngn1 is expressed at low levels in placodal cells as well as in and fertile, and heterozygous intercrosses yielded live homozygous animals at birth. Newborn homozygous migrating and ganglionic neural precursors ( Figure 1E ), Figure 3 . Lack of Geniculate and Petrosal Ganglia in E9.5 ngn2 Mutant Embryos (A and AЈ) Immunostaining of wild-type (A) and ngn2 mutant (AЈ) embryos using an antibody against NF-M (155 kDa). NF-M staining is detected in the anlagen of the three distal cranial ganglia and in the nerve roots of the nodose ganglion in wild-type embryos (A), whereas NF-M staining is missing in the regions of geniculate and petrosal ganglia in ngn2 mutants (AЈ). (B and BЈ) Hybridization with an SCG10 cRNA probe of wild-type (B) and mutant (B) embryos. A lack of differentiation of geniculate and petrosal neuronal precursors is also observed. Abbreviations: "ov," otic vesicle; "VII," geniculate placode and/or ganglion; "IX," petrosal placode/ganglion; "X," nodose placode/ganglion. mutants were usually smaller in size than their lit-3:AЈ). Similar results were obtained with two other early markers of neuronal differentiation, SCG10 (Figures 3B termates and were frequently unable to feed normally as evidenced by the lack of milk and the presence of and 3BЈ) and class III ␤-tubulin (data not shown). Development of the trigeminal ganglion, which is derived in air in their stomachs. They also often exhibited abnormal posturing of their limbs and a low level of activity. Most part from a placode containing ngn2-expressing cells, was unaffected by the mutation as judged by normal mutant animals either died or were sacrificed during the first postnatal day. The five mutant animals we observed NF-M and SCG10 expression (Figure 3 ). The lack of expression of three neuronal markers suggests that the to survive past the day of birth became progressively more growth retarded and less active with time and died gene is required for overt neuronal differentiation of the precursors of the geniculate and petrosal ganglia in E9.5 between 4 and 25 days of age.
Less than one quarter of the newborn progeny of embryos. heterozygous intercrosses were homozygous mutants (15% Ϫ/Ϫ, 55% ϩ/Ϫ, 29% ϩ/ϩ; n ϭ 68), suggesting that some homozygotes may die at embryonic stages.
Block in Placodal Precursor Delamination
Histological analysis was performed to define at which When litters from heterozygous intercrosses were harvested between E9.5 and E12.5, morphological defects developmental stage the geniculate and petrosal lineages are blocked in ngn2 mutants. In sections of E9.5 were observed with a low penetrance in mutant embryos (11% of Ϫ/Ϫ, 0% of ϩ/Ϫ, and 0% of ϩ/ϩ embryos; n ϭ wild-type embryos, we could observe the ectodermal thickenings corresponding to the epibranchial placodes 91). The most common defect was a kinked neural tube at the spinal cord level, usually associated with a devel-("pl" in Figure 4A ), the cellular aggregates of the distal ganglionic anlagen ("gg"), and migrating neuronal preopmental delay. Lack of neural tube closure and exencephaly at midbrain level were also observed (Figure cursors located between the placodes and the ganglionic anlagen, en route to form the ganglionic primordia 2C). A preliminary analysis of morphologically normal mutant embryos using neuronal differentiation markers (arrows in Figure 4A ). In contrast, although the three epibranchial placodes were clearly visible in ngn2 murevealed developmental defects in the forebrain, spinal cord, dorsal root ganglia, and most clearly in the distal tants, there was no evidence of delamination, migration, or aggregation of neural precursors in the regions of the cranial ganglia, on which this article is focused.
distal VIIth and IXth ganglionic anlagen (Figure 4 :AЈ). Morphologically, the cellular structure of the mutant Defects in the Distal Cranial Ganglia The development of the distal cranial ganglia was first VIIth and IXth placodes appeared looser, suggestive of alterations in cell adhesion properties of mutant placoanalyzed in embryos with 24-28 somites (E9.5). In wildtype embryos, NF-M stained the anlagen of the genicudal cells (Figure 4 :AЈ).
To determine if neural precursors were eliminated late ("VII" in Figure 3A ), petrosal ("IX"), and nodose ("X") ganglia. In ngn2 mutants, in contrast, NF-M staining was from the mutant geniculate and petrosal placodes, we examined the expression of the neomycin resistance only detected in the nodose ganglion and not in the region of the geniculate and petrosal ganglia ( Figure  ( neo r ) gene inserted in the ngn2 mutant allele as a marker lack of differentiation of placodal precursors is not due to their elimination by cell death. Finally, mitotic figures were observed in both wild-type and mutant placodes (data not shown), suggesting that the lack of precursor delamination is not the result of a major defect in cell proliferation, although the possibility of altered cell cycle kinetics has not been explored. In conclusion, precursor cells remain in the mutant geniculate and petrosal placodes, but their differentiation appears to be blocked prior to the stage of their delamination from the placodes.
To examine the consequences of the early block in delamination of placodal precursors, the development of the geniculate ganglion was examined at later stages in ngn2 mutants. Analysis of E10.5 mutant embryos revealed no evidence of geniculate or petrosal ganglion development (data not shown). At E12.5, however, SCG10 and Ret, a gene encoding a GDNF receptor subunit that is normally expressed at high levels in distal ganglia (Pachnis et al., 1993) , were expressed in a similar manner in the geniculate ganglion in wild-type and mutant embryos (arrows in Figures 4B, 4BЈ , 4C, and 4CЈ). Therefore, the lack of neurogenesis in mutant geniculate placodes at E9.5 and E10.5 is subsequently compensated for, resulting in the presence of geniculate ganglia in E12.5 mutant embryos. Accordingly, histological analysis revealed the presence of a geniculate ganglion in ngn2 mutants at birth (arrow in Figure 4 :DЈ). The neuronal precursors that populate the geniculate ganglion of mutant embryos at E12.5 could be of neural crest origin, as cranial crest cells do not express ngn2 and should therefore be unaffected by the mutation (Sommer et al., 1996; see Discussion) . Consistent with this hypothesis, migrating neural crest cells were detected in the epibranchial regions in mutant as well as in wild-type embryos, using CRABP1 (Stoner and Gudas, 1989) and AP2 (Mitchell et al., 1991) as markers (data not shown). Nscl1 may reflect a failure to produce the migrating precursors that normally express these genes, but it is also consistent with the idea that these genes function of placodal precursors. neo r -expressing cells were dedownstream of ngn2 in a regulatory cascade. tected in the three epibranchial placodes of both heterozygous and homozygous E9.5 embryos (data not shown), indicating that mutant precursor cells are present at Lack of Dll1 Expression An important function of proneural genes in the fly is this developmental stage. In addition, normal levels of apoptosis were observed in mutant placodes by analythe regulation of the lateral inhibition machinery through the direct transcriptional activation of the Notch ligand sis of histological sections and by TUNEL labeling (Figures 4A and 4:AЈ; data not shown), indicating that the Delta (Kunisch et al., 1994). A murine Delta-related gene, Figure 6 . Requirement of ngn2 for Delta-like 1 (Dll1) Expression in Epibranchial Placodes.
(A and AЈ) Hybridization on E9.5 wild-type (A) and mutant (AЈ) embryos using a Dll1 cRNA probe. Dll1 expression is missing in the progenitors of the three epibranchial placodes in ngn2 mutants. Due to the relatively late stage in placodal neurogenesis of the wild-type embryo (A), expression of Dll1 is weaker in the VIIth than in the IXth or Xth placodes. Abbreviations: "ov," otic vesicle; "VII," geniculate placode/ganglion; "IX," petrosal placode/ganglion; "X," nodose placode/ganglion.
of neurons in this placode may not be properly regulated in ngn2 mutants.
Independent Regulation of the Homeodomain Protein Phox2a
Phox2a is a homeodomain protein expressed in CNS and PNS neurons, which transiently or permanently adopt a noradrenergic neurotransmitter phenotype (Tiveron et al., 1996) . In the sensory neurons of the distal cranial ganglia, Phox2a is required for the transient expression of dopamine-␤-hydroxylase (DBH), the terminal biosynthetic enzyme for norepinephrine, and for expression of the related homeodomain protein Phox2b and the GDNF receptor subunit Ret Pattyn et al., 1997) . experiments were performed using the Phox2a antibody "X," nodose placode/ganglion.
and an ngn2 RNA probe ( Figures 7C and 7D ). At the level of the nodose placode, coexpression of ngn2 and Phox2a was observed in placodal cells and in most precursors that have just delaminated from the placode, Delta-like 1 (Dll1; Bettenhausen et al., 1995) is normally expressed in the three epibranchial placodes (Figure whereas precursors near their final ganglionic positions only express Phox2a, showing that ngn2 and Phox2a are 6A). In ngn2 mutants, Dll1 expression is lost in the three epibranchial placodes, suggesting that the process of expressed in the same lineages. Interestingly, Phox2a is expressed in scattered cells in the placode, whereas lateral inhibition is disrupted in these tissues ( Figure  6 :AЈ). This requirement for ngn2 in the activation of Dll1 is ngn2 is expressed in groups of contiguous cells, with the cells expressing Phox2a corresponding to those exconsistent with experiments demonstrating that ectopic expression of the ngn gene X-ngnr-1 in Xenopus empressing the highest levels of ngn2 (arrowheads in Figure 7D ). These expression patterns suggest, by analogy bryos induces X-Delta-1 . The lack of Dll1 expression in the mutant nodose placode indicates with Drosophila proneural clusters (Campuzano and Modolell, 1992) , that ngn2 is expressed in groups of placothat, although the Xth distal ganglion appears to develop farther than the VIIth and IXth ganglia, the generation dal cells with neural competence from which cells having higher levels of ngn2, which express Phox2a, are selected to become neuronal precursors.
To ask whether the activation of Phox2a in individual placodal cells was due to an accumulation of high levels of ngn2 transcripts in these cells, we examined whether Phox2a expression was affected by the loss of ngn2. Phox2a was expressed in the three epibranchial placodes of ngn2 mutant embryos, although at lower levels than in wild-type embryos ( Figures 7A, 7AЈ, 7B , and 7BЈ), indicating that activation of Phox2a does not require ngn2 activity. Conversely, we asked whether high ngn2 expression in epibranchial placodes requires Phox2a activity, by examining Phox2a mutant embryos for ngn2 expression. ngn2 was expressed at similar levels in the epibranchial placodes of a wildtype ( Figure 7E ) and a Phox2a mutant embryo ( Figure  7 :EЈ). Therefore, the two genes are activated independently from one another in epibranchial placodes.
As Phox2a is activated in ngn2 mutant placodes, we next examined whether Phox2a-dependent regulatory events were also initiated in the absence of ngn2 by analyzing the expression of DBH, Ret, and Phox2b, which require Phox2a activity in distal ganglia . In wild-type embryos, Phox2b is expressed in migrating precursors and ganglionic neurons but not in placodal cells ( Figure 8C ; Pattyn et al., 1997) , and DBH and Ret are expressed in the distal ganglionic anlagen ( Figures 8A and 8B) . In ngn2 mutants, expression of Phox2b, DBH, and Ret was maintained in precursors of the nodose ganglion but not in geniculate or petrosal precursors (Figures 8:AЈ-8:CЈ). Thus, although Phox2a is activated independently of ngn2, the activation of Phox2a downstream events requires progression of the epibranchial placode-derived neuronal lineages past the point blocked by the ngn2 mutation. into ngn2 mutant embryos revealed no obvious differ-(E and EЈ) Hybridization of E9.5 wild-type (E) and Phox2a mutant (EЈ) ences in the number or positions of labeled cell bodies embryos with an ngn2 cRNA probe. ngn2 expression in epibranchial in r4-r5 (Figure 9 :BЈ). The observed defects in the develplacodes is unaffected by the Phox2a mutation. Abbreviations: "n," opment of the motor nerves are therefore most likely migrating neural precursor; "ov," otic vesicle; "pl," placode; "VII," secondary to developmental defects in the distal sengeniculate placode/ganglion; "IX," petrosal placode/ganglion; "X," nodose placode/ganglion. Scale bar, 100 m. sory ganglia. Abbreviations: "ov," otic vesicle; "VII," geniculate placode/ganglion; "IX," petrosal placode/ganglion; "X," nodose placode/ganglion.
Normal Development of Motor Neurons

Discussion
of a genetic interaction with the lateral inhibition machinery.
A defining characteristic of a neuronal determinant is ngn2 Has Characteristics of a Neuronal Determination Gene its ability to activate genetic pathways required for overt neuronal differentiation such as bHLH regulatory casIn this study, we have established an early role for ngn2 in neural development, using targeted mutagenesis and cades, which are thought to mediate differentiation events in a number of neuronal cell types, including focusing on a simple model system, the distal cranial ganglia. Specifically, the following observations are conDrosophila external sense organs (Brand et al., 1993) , Xenopus primary neurons , and murine sistent with ngn2 acting as a neuronal determination gene in epibranchial placode-derived neuronal lineages: olfactory placodes (Cau et al., 1997) . Several neuralspecific bHLH genes are expressed in epibranchial plac-(1) the early onset of ngn2 expression in placodal precursors, (2) an inability of ngn2 mutant placodal cells to odes, suggesting that a similar regulatory cascade may underlie the development of sensory neurons in cranial activate a downstream regulatory cascade of bHLH differentiation factors, (3) a failure to express neuronal ganglia. Among the bHLH genes examined thus far, ngn2 and ngn1 are the only ones that could function as type-specific markers and to initiate overt neuronal differentiation during the initial stages of geniculate and neuronal determinants, as they are expressed prior to delamination, an early stage in the development of these petrosal ganglion formation, and (4) a loss of expression of the Notch ligand Dll1 in mutant placodes, suggestive lineages. The observation that ngn1 is not activated in ngn2 mutant placodes clearly identifies ngn2 as the first Determination of Neuronal Fate versus Neuronal Subtype Identity known regulator to operate in this bHLH cascade and ngn1 as a potential transcriptional target of ngn2 in the Although ngn2 has characteristics of a neuronal determination gene in epibranchial placodal precursors, it is placodes. The activation of ngn1 by ngn2 probably reflects cross-activation between neuronal determination not required for the expression of the homeodomain protein Phox2a in these cells. Phox2a has recently been genes, similar to the cross-regulatory interactions that exist between proneural genes in Drosophila (Martinez shown to be an essential regulator of the noradrenergic phenotype in PNS and CNS neurons, including sensory and Modolell, 1991). The lack of distal cranial ganglia defects in ngn1 mutant mice (Ma et al., 1998 [this issue neurons of the distal cranial ganglia, which transiently express this phenotype . Thus, the of Neuron]) is consistent with the hypothesis that ngn1 does not have an essential role downstream of ngn2.
analysis of mouse mutants suggests that in epibranchial neuron lineages, ngn2 is required to promote neuronal Which genes are responsible for promoting the differentiation of cranial sensory neurons, acting as effectors differentiation and activate pan-neuronal markers (this study), whereas Phox2a is involved in the specification of ngn2 function? Math3 and NeuroD, which are expressed after precursor cells have been produced and of some aspects of neuronal subtype identity through the activation of DBH and other components of this have delaminated from the placodes, and which have been shown to induce neurogenesis when ectopically pathway . The maintenance of Phox2a expression in the epibranchial placodes of ngn2 mutants expressed in Xenopus embryos (Lee et al., 1995; Takebayashi et al., 1997) , are good candidates. In agreement therefore suggests that an early step in the specification of cranial sensory neuron identity, the activation of with the hypothesis that Math3 and NeuroD function downstream of ngn2, both genes fail to be activated in Phox2a expression, may occur independently of neuronal committment in placodal precursor cells. Although mutant geniculate and petrosal precursors. Furthermore, an activation of X-NeuroD by the ngn gene X-ngnr-1 an as-yet-unidentified bHLH gene may be present in epibranchial placodes and regulate Phox2a in the abhas been demonstrated in ectopic expression experiments in Xenopus . Based on the timing sence of ngn2, the lack of activation of the bHLH differentiation cascade and loss of lateral inhibition in ngn2 of their onset of expression, Math3 is a better candidate than NeuroD as a direct transcriptional target of ngn2.
mutants clearly demonstrate that ngn2 has a unique neuronal determination function that is not required for Although Math3 and NeuroD are both expressed in differentiating neural precursors (Lee et al., 1995; Takebay- Phox2a activation. Expression of Phox2a and high levels of ngn2 tranashi et al., 1997; Roztocil et al., 1997) , where they have been compared, Math3 expression overlaps that of ngn2 scripts appear coupled in placodal precursors ( Figures  7C and 7D) , suggesting that the same signal is involved and clearly precedes NeuroD expression (Roztocil et al., 1997 ; this study and C. F., unpublished data). Consistent in the upregulation of the two genes. This is interesting, as it suggests that a mechanism which is independent with Math3 and ngn1 being targets of ngn2 in cranial sensory lineages, we have observed in preliminary exof ngn2, and therefore of Delta-Notch signaling, may single out placodal cells fated to become neural precurperiments that the ectopic expression of ngn2 in P19 embryonic carcinoma cells leads to ngn1 and Math3 sors, as proposed in Drosophila for the generation of neuroblasts in the embryonic CNS (Simpson, 1997) and activation (C. F., unpublished data).
in the mouse for the selection of ngn1-expressing prewithdrawal of the process, as a cell initiates differentiation, may require changes in cell surface properties and cursors in the trigeminal placode (Ma et al., 1998) . In agreement with this hypothesis, ngn2 expression levels intercellular junctions similar to those undergone by delaminating precursors in cranial placodes. ngn2 is exare unaffected in the placodes of embryos mutant in the RBPJ gene, which are deficient in Notch signaling, pressed by VZ cells in many regions of the CNS at the time of neurogenesis, suggesting that the gene could whereas in the same mutants loss of lateral inhibition leads to a clear upregulation of ngn2 transcripts in the induce the detachment from the ventricular surface of precursors committed to differentiation and thus reguspinal cord and the brain (de la Pompa et al., 1997; J. L. de la Pompa, personal communication).
late similar cellular events in placodal precursors in the PNS and ventricular precursors in the CNS. However, the ngn2 mutation appears to have more ngn2-Independent Neurogenesis limited effects in most regions of the brain than it does in Distal Cranial Ganglia in epibranchial placodes (unpublished data). Most likely, The block in development of the geniculate ganglion at other genes compensate for the lack of ngn2 function E9.5 is transient, as a ganglion is observed in mutant in the brain and are capable of activating the expression embryos at E12.5 and at birth. The geniculate ganglion of the downstream bHLH cascade, resulting in initiation present in mutant embryos could derive from the placof neural precursor differentiation in the absence of odes, which would maintain neurogenesis after a tempo-
ngn2. An obvious candidate is ngn1, as ngn1 and ngn2 rary arrest, or it could be of neural crest origin. In the are expressed in the same regions of the PNS and the chick, neural crest cells normally contribute only to the CNS, with few exceptions (Gradwohl et al., 1996 ; Somglial component of the distal ganglia (Ayer-Le Liè vre and mer et al. , 1996) . Although ngn1 expression is activated Le Douarin, 1982; D'Amico-Martel and Noden, 1983) , by ngn2 in geniculate and petrosal placodes, it is indebut cardiac neural crest cells have been shown to be pendent of ngn2 in other regions where the loss of ngn2 capable of rescuing the neuronal population of the distal could be compensated for by the activity of ngn1 (unXth ganglion after the ablation of nodose placodal prepublished data). This hypothesis can be tested by the cursors, indicating that these cells maintain a neurostudy of mice carrying mutant alleles for the two genes. genic potential (Harrison et al., 1995) . As neural crest Another gene that could compensate for the loss of cells do not express ngn2 at this axial level in the mouse ngn2 is Mash1. The two genes activate a similar bHLH (Sommer et al., 1996) , they would presumably be unafregulatory cascade in olfactory placodes and epibranfected by the ngn2 mutation and could conceivably reschial placodes, respectively (Cau et al., 1997 ; this study). cue mutant distal ganglia. This is in contrast to the situaMash1 and ngn2 have non-overlapping domains of extion of the trigeminal ganglion, for which both placodal pression in the PNS, but they are coexpressed in some and neural crest components express ngn1, such that regions of the CNS, including the retina and midbrain. no compensatory mechanism could rescue trigeminal
The hypothesis of compensatory mechanisms between ganglion formation in ngn1 mutant mice (Ma et al., 1998) .
the two genes is raised by the observation that Mash1 Examination of embryos mutant for both ngn1 and ngn2 transcripts are upregulated in the retina and cerebral will reveal whether the geniculate ganglion present in cortex of ngn2 mutant embryos (unpublished data). Furngn2 mutant embryos requires ngn1 function, which ther confirmation for this hypothesis comes from our would strongly argue for a neural crest origin. preliminary analysis of Mash1;ngn2 double mutant mice, which present severe defects in several regions of the Does ngn2 Have Similar Functions brain. Thus, the analysis of compound mutant mice may in Epibranchial Placodes and help to define better the role of the bHLH determination Other Neural Lineages? genes in neurogenesis in the brain and the molecular Delamination of neuronal precursors is the first morphoor cellular mechanisms of their interactions. logical sign of differentiation during cranial placode neurogenesis. This epithelial-mesenchymal transition must migration of the cell into the mantle zone (Shoukimas and Hinds, 1978) . The apical processes of VZ cells are Strä hle, and members of our lab for their comments on the manuto detect homologous recombination events using 5Ј (1 kb NotI/ script. We would also like to acknowledge the assistance of the KpnI fragment) and 3Ј (1 kb EcoRI/SpeI fragment) external probes members of the ES cell and transgenic facilities and the following (shown in Figure 2B) . A single ES cell clone carrying the correctly people for providing probes: David Anderson, Lorraine Gudas, Dotargeted ngn2 mutation was identified out of 214 clones analyzed mingos Henrique, Ryoichiro Kageyama, Ilan Kirsch, Jacqueline Lee, and was injected into C57BL/6J blastocysts. The resulting chimeric Pamela Mitchell, and Vassilis Pachnis. C. F. was supported by felmales were bred with CD1 females, and germline transmission of lowships from the Human Frontiers Science Program and the Medithe mutation was obtained. Heterozygous animals resulting from cal Research Council of Canada. This work was supported by grants these crosses were interbred to generate homozygous offspring.
from le Ministè re de l'Enseignement et de la Recherche and l'Association pour la Recherche sur le Cancer and funds from l'Institut Genotyping of Wild-Type and Mutant ngn2 Alleles National de la Santé et de la Recherche Mé dicale, le Centre National Genotyping was performed using the polymerase chain reaction de la Recherche Scientifique, and le Centre Hospitalier Universitaire (PCR) on genomic DNA obtained from tail or embryonic yolk sac Ré gional. tissue (Laird et al., 1991) . The ngn2 wild-type allele was detected using an upper primer in the 5Ј untranslated region of the gene References (GGACATTCCCGGACACACAC) and a lower primer in the coding sequence (AGATGTAATTGTGGGCGAAG), which generate an 813
Ayer-Le Lievre, C.S., and Le Douarin, N.M. (1982) . The early developbp product. To detect the mutant allele, the ngn2 upper primer was ment of cranial sensory ganglia and the potentialities of their compoused with a lower primer in the neo r gene (AGGTGAGATGACAGGAG nent cells studied in quail-chick chimeras. Dev. Biol. 94, 291-310. ATCC), generating a product of 506 bp. PCR amplifications of mutant Begley, C.G., Lipkowitz, S., Gobel, V., Mahon, K.A., Bertness, V., and wild-type alleles were carried out for 35 cycles of 1 min at 94ЊC, Green, A.R., Gough, N.M., and Kirsch, I.R. (1992). Molecular charac-1 min at 60ЊC, and 1 min at 72ЊC.
terisation of NSCL, a gene encoding a helix-loop-helix protein expressed in the developing nervous system. Proc. Natl. Acad. Sci.
Whole-Mount In Situ Hybridization
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